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ABSTRACT 

Many studies of tornado-severe local storms outbreaks have called attention to the role of the jet stream. In 
fact, the jet has become an accepted part of a climatological model for tornado occurrences in the central and southern 
Plains. This study undertakes to verify this acceptance by statistically testing the association between 500-mb. 
indications of the midlatitude and subtropical jet streams and tornado days in Kansas, Oklahoma, and Texas. 

The results presented here indicate that indeed the two jet streams are associated with tornadoes. Further, 
the results are interpreted to show important spatial variations in the relative influence of the two jet streams. 

1. INTRODUCTION 
Meteorological research has often led to climatological 

models for specific weather occurrences. The tornado is 
no exception. Bates [2] and later Newton [16] have 
proposed a simple climatological model for tornado situa- 
tions in the southern and central Plains. This model is 
shown in figure 1. The main features are a cyclonically 
curved jet stream to the west and a low-level moisture 
intrusion from the Gulf of Mexico. 

The basis for this model is to  be found in the numerous 
studies on tornado forecasting conducted since the early 
1950’s. Fawbush, Miller, and Starrett [6] were among 
the first to draw attention to the influence of the jet 
in tornado development. Since that time there has 
been no dearth of research on the tornado-jet stream 
associations. 

Empirical studies (e.g., Miller [14], Porter et al. [HI, 
Fawbush et al. [7], and Beebe [3]) of the case study type 
have shown, synoptically, an association between jets 
and tornado-severe weather occurrences. Other re- 
searchers have dealt theoretically with such items as air 
mass structure and modification (e.g., Beebe and Bates 
[4] and House [ll]), thunderstorm dynamics (e.g., Newton 
[IS]), and thunderstorm mechanics (e.g., Bates [l]). 
They have considered the ways in which jets can aid in 
the development of severe local storms and perhaps even 
in the formation of the tornado itself. 

It is apparent that the theory and practical importance 
of the features of this climatological model for tornado 
occurrences are well established for relatively short time 
spans. It is equally apparent, however, that the jet 
stream has not been subjected to  statistical verification 
over a time period of climatologically significant length. 
It is the purpose of this paper to report on an attempt t o  
perform such a verification. 

’ Present affiliation: Department of Geography, University of Minnesota, Minneapo- 
lis, Minn. 
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The statistical test involves examining the association 
between tornado days in Kansas, Oklahoma, and Texas 
and 500-mb. indicators of the midlatitude and sub- 
tropical jet streams. The association is checked by 
applying an analysis of co-variance model to the variables. 
The results indicate that a significant association of sub- 
stantial proportions exists. 

It is believed that the key to an adequate testing of the 
jet feature is a long period of record. The use of a large 
number of cases over a considerable period of time seems 
necessary on two counts. First, the effect of “textbook” 
cases which can bias the model is reduced. Second, the 
year-to-year variability in the association is averaged so 
that a truer overall picture is obtained. However, a 
dilemma appears a t  this point. 

It is generally recognized that 
upper tropospheric data are required to precisely locate 

The dilemma is this. 

FIGURE 1.-Diagram of climatological model for tornado occur- 
rences in the central and southern Plains after Bates [2] and 
Newton [16]. Features include an upper-level jet, low-level 
moisture tongue, and air mass modification. 
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jet streams. However, before the rnid-1950'~, the desired 
upper tropospheric data are sporadic and somewhat 
inaccurate a t  best. Thus, midtropospheric data (500- 
mb.) must be used to approximate jet stream locations 
for about one-half of a minimum study period of 1945 
through 1960.2 It is deemed essential to carry the 500- 
mb. definitions through the latter half of the study period 
also, because of uncertainty in interpreting the results 
if the definitions of the variables are changed in mid- 
study. Thus, one can interpret the results of this study 
as applicable by inference to  jet stream cores a t  higher 
levels as I do, or one may view the results as only applicable 
to a set of defined 500-nib. values. The actual values 
used to measure tornado activity and jet stream locations 
will now be discussed in detail. The discussion should 
aid the reader in how he d l  interpret the results. 

2. DATA 
The period of study extends from 1945 through 1960. 

This length is needed to insure a reasonable variety of 
interannual variability so that some confidence can be 
placed in the climatological significance of the study. 
Further, 1945 represents the early limit of readily available 
midtropospheric data in the form of the Historical 
Weather Map Series 500-mb. charts. 

Since this study is concerned with tornadic systems 
rather than numbers of tornadoes, it is reasonable to  
use the tornado day as a measure of activity. A tor- 
nado day is defined as a day on which one or more 
tornadoes occurred in the study area. Further, the 
climatological records contain ambiguous or spurious 
funnel sightings. For our purposes tornadoes are defined 
as funnel and/or rotary clouds seen on the ground or having 
damage associated with them while a short distance above 
the ground. Finally, only the months of February through 
June of each year were considered since this well encom- 
passes the major tornado season of the area. Using these 
criteria and limitations, the tornado days for each State 
and the three together were abstracted from the usual 
sources [21, 23, 241. 

For each tornado day in the four arrays obtained by 
the above procedure, the corresponding 500-mb. chart of 
the Historical Weather Map Series [lo, 221 was con~ulted.~ 
From these charts estimates were made of the latitudinal 
location of the midlatitude and subtropical jet streams 
within the longitudinal belt 100" to  110" W., since this is 
the region of greatest cyclonic curvature in the model 
cited above. 

The location of the midlatitude jet stream was estimated 
on the basis of parameters suggested by O'Conner [17], 
Fletcher [SI, and Dickson [5]. These are: (1) the 18,200 
to 18,600-ft. isohyptic channel, (2) the -17' t o  -21' C .  
isotherm ribbon, and (3) the band of strongest winds. 
These three items were considered together subjectively 
in order to  arrive at  a single whole-degree estimate of 

2 This study was completed In 1962-63 
3 This was the case except for 1960 and a few other random dates when the Dally 

Weather Mop  5Wmb. charts were used. 

latitude. In keeping with the climatological model, the 
latitude was read along the axis of maximum curvature 
or, if this was not present in the longitudinal channel, at  
the lowest latitude of the apparent jet stream within the 
channel. 

Preliminary testing showed that in late May and June 
the midlatitude jet stream alone is insufficient for testing 
the climatological model. It is reasoned on the basis of 
PalmBn's general circulation model (see [15]) that a sub- 
tropical jet stream measure is needed. Unfortunately, no 
definitive climatological relationships between 500-mb. 
values and the subtropical jet stream could be found in 
the literature. However, it was obvious that some type 
of estimate had to be made. 

In the course of inspecting 500-mb. charts for tornado 
days yhen the midlatitude jet stream was quite far north, 
certain associations of height, temperature, and wind 
speed were noted. There seemed to exist a correspondence 
between the 19,000 to 19,400-ft. isohyptic channel, the 
-So to  - 12" C. isotherm ribbon, and points of relatively 
higher wind speed. I n  addition inspection of maps p r e  
sented by Huff and Changnon [12], Ramaswamy [191, 
and Lowe and McKay [13] tended to confirm that these 
would serve as the best 500-mb. estimators of a jet at  
higher levels. However, in order t o  reduce the effect of 
the inadequacies of these measures, subtropical jet stream 
data were collected on a class basis. There were three 
classes employed: (1) no subtropical jet stream, (2) sub- 
tropical jet stream at 35" N. latitude or less, and (3) sub- 
tropical jet stream a t  greater than 35" N. latitude. 

The result of these data collection procedures is four 
data arrays-one for each of the three States of Kansas, 
Oklahoma, and Texas, and one for the study area as a 
whole. Within each array each tornado day is listed 
along with the appropriate midlatitude jet stream lati- 
tude. These are then stratified in each array on the 
basis of the classes of the subtropical jet stream. 

One additional manipulation is required before a co- 
variance model can be applied to these data, because 
any numerical value which each tornado day can assume 
is a constant. It is obvious that if yi is 8 constant, then 
mi, the variance of y, must be zero. T o  circumvent tbis 
problem, the number of tornado days per one-degree 
increments of the midlatitude jet stream were summed 
for each strata of each array. This of course provides 
for variation of y. 

3. MODEL 

An analysis of co-variance model as described by Hagood 
and Price [9] was applied to each of the four arrays. 
This model has the advantage of parametrically testing 
the association between variables for which suitable 
numerical values exist, i.e., tornado days and the mid- 
latitude jet stream. At the same time, the effect of the 
non-parametric variable, Le., the subtropical jet stream, 
is taken into consideration. Essentially, the association 
is tested by the correlation between the parametric 



March 1967 Richard H. Skaggs 109 

variables under two conditions : (1) the non-parametric 
variable is ignored, and (2) the non-parametric variable 
is heId constant. 

Intuitively, it is realized that the functional relation- 
ship between tornado days, the dependent variable, and 
the latitude of the midlatitude jet stream, the para- 
metric independent variable, is not linear in form. Pre- 
liminary graphic display of the relationship indicated 
that a curve of the form shown in figure 2 would be 
suitable. The computational form of this equation can 
be written as: 

logY=log a+b log x+c (log X)2 (1) 

where a, b,  and c are least squares constants, Y is the 
number of tornado days, and X is the latitude of the mid- 
latitude jet stream. 

Equation (1) is the one used for computational purposes 
in the parametric portions of the analysis of co-variance 
model. The results of the computations are shown in 
table 1. In this table, the statistical, significance is 
estimated by the F ratio. 

4. RESULTS 

The results of the statistical tests are given in table 1. 
All four test units (the three States separately and com- 
bined) show a highly significant association between 
tornado days and the midlatitude jet stream when the 
subtropical jet stream is held constant. I have also shown 
in the larger study on which this paper is based that this 
association exists even when the subtropical jet stream is 
not considered a t  all [20]. Clearly, the midlatitude jet 
stream is associated with tornado occurrences over the 
whole of the study area, although, as will be shown 
shortly, there are variations in the degree of association. 

The association between tornado days and the sub- 
tropical jet stream when the effects of the midlatitude jet 
stream are taken into consideration shows much more 
variation. The most obvious result is the lack of a 
significant association in Oklahoma. The literal inter- 
pretation is that tornado days in Oklahoma are not 
greatly influenced by the subtropical jet stream. This, 
however, seems strange since both the Kansas and Texas 
units show significant association between the variables. 
The actual reason for this anomalous situation is not 

Latitude of the Jet Stream 

FIGURE 2.-Schematic diagram of the functional relationship 
between the latitude of the midlatitude jet stream and tornado 
days. I 

known. However, one may speculate that Oklahoma is 
being in effect ‘(skipped over’’ by the subtropical jet 
stream. This could occur if the general circulation under- I 
went a very rapid change in early June or late May as I 

suggested by Yeh et al. [25]. 
Next, the degree of association between the variables 

may be commented upon. I n  the case in which the 
effects of the subtropical jet stream are neglected, the 
association between tornado days and the midlatitude 
jet stream for Kansas and Oklahoma is moderate to  close. 
I n  the Texas and total study area relatively low associa- 
tions are noted. However, when the effects of the mb- 
tropical jet stream are taken into consideration, the 
picture changes greatly, for now all test units show 
improved amounts of explained variation. 

It is probably fair to say that the changes in R and R2 
induced by considering the effects of the subtropical jet 
stream are indicative of the relative importance of the 
two jet streams. It appears that the subtropical jet 
stream is as important as the midlatitude jet stream in 
the Taxas test unit where the value of the coefficient of 
determination is doubled. This would be expected on 
the basis of the relative location of Texas and the usual 
position of the subtropical jet stream. Among the three 
State test units, Kansas has the next greatest increase in 
explained variation and Oklahoma t8he least. This too 
would be expected since the non-parametric tests cited 
earlier did not indicate a significant association for 
Oklahoma. Over the study area as a whole the degree 

I 

TABLE 1-Results of the analysis of co-variance tests 

I Kansas I Oklahoma 

Association between midlatitude jet stream and tornado days when subtropical jet 
stream constant? ................................................................... 

Statistical significance.- .............................................................. 
Association between subtropical jet stream and tornado days when midlatitude jet 

stream constant? ................................................................... 
Statistical significance ................................................................ 
Degree of association between midlatitude jet stream and tornado days disregarding 

subtropical jet stream: 
R ................................................................................ 
R2 ................................................................................ 

R.  ............................................................................... 
Rz ................................................................................ 

Degree of 89sociation between midlatitude jet stream and tornado days considering 
subtropical jet stream: 

yes 

yes 

0.001 

. c1 

.61 

. 3 i  

. i 5  

.56 

Texas 

yes 

yes 

0.001 

.05 

.50 

.25 

.70 

.49 

Total area 

yes 
0.001 

yes . 01 

.53 

.28 

.69 

.48 
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of association is greatly increased when the effects of the 
subtropical jet stream are considered. 

Perhaps the most important result of taking account 
of the subtropical jet stream is the reduction in the range 
of explained variation among the four test units. This 
indicates that the relationship is similar over the whole 
of the area if the combined effects of the two jet streams 
are considered. This is somewhat different from the 
implied dependence on the midlatitude jet stream found 
in earlier studies. It also seems likely that the sub- 
tropical jet stream becomes more and more important 
as the tornado season progresses since it usually is May 
and June before it can be well recognized a t  higherlatitudes 
in the longitudinal belt studied here. 

5. SUMMARY AND CONCLUSIONS 

If the 500-mb. indicators used for estimating the jet 
stream locations are interpreted as valid approximations, 
then the following conclusions would appear also to hold : 

1. There is a definite space-time variation in the 
influences of the midlatitude and subtropical jet streams. 

2. The association between tornado days and the 
midlatitude and subtropical jet streams is shown to 
exist in a climatological sense. 

3. The midlatitude jet stream is more important at  
higher latitudes and the subtropical jet stream a t  lower 
latitudes. 

4. When both jet streams are considered, the degree of 
association is close. This indicates that both jet streams 
must be considered in the dynamic climatology of tornado 
occurrences . 

ACKNOWLEDGMENTS 

I should like to acknowledge the advice and encouragement I 
received from Dr. David Simonett of the University of Kansas 
and Dr. F. C. Bates of St. Louis University throughout this study. 
In addition, I should like to thank Dr. Eagleman of the University 
of Kansas and Mr. Robert Beebe of Midwest Weather Service for 
important comments on the manuscript. 

REFERENCES 

1. F. C. Bates, The Great Plains Squall-line Thunderstorm-A 
Model, Ph. D. Dissertation, St. Louis University, 1961. 

2. F. C. Bates, “Tornadoes in the Central United States,” Trans- 
actions, Kansas Academy of Science, vol. 65, Fall 1962, pp. 215- 
246. 

3. R. G. Beebe, “Tornado Composite Charts,” Monthly Weather 
Review, vol. 84, No. 4, Apr. 1956, pp. 127-142. 

4. R. G. Beebe and F. C. Bates, “A Mechanism for Assisting in 
the Release of Convective Instability,” Monthly Weather 
Review, vol. 83, No. 1, Jan. 1955, pp. 1-10. 

5. R. R. Dickson, “Tornadoes of January 21, 1959-A Feature of 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17, 

18. 

19. 

20. 

21. 

22. 

23. 
24. 

25. 

a Weather Singularity?” Monthly Weather Review, vol. 87, 
No. 1, Jan. 1959, pp. 40-42. 
E. J. Fawbush, R. C. Miller, and L. G. Starrett, “An Empirical 
Method of Forecasting Tornado Development,” Bulletin of 
the American Meteorological Society, vol. 32, No. 1, Jan. 1951, 
pp. 1-9. 
E. J. Fawbush, R. C. Miller, and L. G. Starrett, “Severe Local 
Storms and Mid-Tropospheric Flow Patterns,” Bulletin of the 
American Meteorological Society, vol. 38, No. 3, Mar. 1957, pp. 

R. D. Fletcher, “The Association of Wind Speed with Height 
of Upper Air Constant Pressure Surfaces,” Bulletin of the 
American Meteorological Society, vol. 34, No. 4, Apr. 1953, pp. 

M. Hagood and D. Price, Statistics for Sociologists, Henry Holt 
and Co., New York, 1952. 
Headquarters, Air Weather Service, Northern Hemisphere 
Historical Weather Maps ,  Sea Level and 600 mb., 1946-1948. 
D. C. House, “The Mechanics of Instability-Line Formation,,’ 
Journal of Meteorology, vol. 16, No. 2, Apr. 1959, pp. 108-120. 
F. A. Huff and S. A. Changnon, Jr., Severe Rains torm in Illinois, 
1968-1969, Report of Investigation No. 42, Illinois State Water 
Survey, 1961. 
A. B. Lowe and G. A. McKay, “Tornado Composite Charts 
for the Canadian Prairies,” Journal of Applied Meteorology, 
vol. 1, No. 2, June 1962, pp. 157-162. 
R. C. Miller, “Tornado-Producing Synoptic Patterns,” Bulletin 
of the American Meteorological Society, vol. 40, No. 9, Sept. 

A. Narin, Ed., Descriptive Paleoclimatology. Interscience 
Publishers, New York, 1961. 
C. W. Newton, “Dynamics of Severe Convective Storms,” 
Meteorological Monographs, American Meteorological Society, 
Boston, vol. 5, No. 27, 1963, pp. 33-58. 
J. F. O’Conner, Practical Methods of Weather Analysis and 
Prognoses, U.S. Navy, NAVAER 50-ID-502, 1952. 

J. M. Porter, L. L. Means, J. E. Hovde, and W. B. Chappel, 
“A Synoptic Study on the Formation of Squall Lines in the 
North Central United States,” Bulletin of the American Mete- 
orological Society, vol. 36, No. 8, Oct. 1955, pp. 390-396. 
C. Ramaswamy, “On the Subtropical Jet Stream and Its Role 
in the Development of Large-Scale Convection,” Tellus, vol. 
18, No. 1, Feb. 1956, pp. 26-60. 
R. H. Skaggs, The Association of the Subtropical and Midlatitude 
Jet Streams Wi th  Tornado Occurrences in Selected South Central 
S t a t e s A  Study in Tornado Climatology, M.A. Thesis, Dept. 
of Geography, the University of Kansas, 1963. 
U.S. Weather Bureau, Climatological Data, National Summary, 
1950-1958. 
U.S. Weather Bureau, Daily Series, Synoptic Weather Maps ,  
Northern Hemisphere, Sea Level and 600 Millibars, 1945 and 

U.S. Weather Bureau, Storm Data, 1959 and 1960. 
U.S. Weather Bureau, United States Meteorological Yearbook, 
1945-1949. 

T.-C. Yeh, S.-Y. Dao, and M.-T. Li, “The Abrupt Change of 
Circulation Over the Northern Hemisphere During June and 
October,” in: The Atmosphere and The Sea in Motion: The  
Rossby Memorial Volume, The Rockefeller Institute Press, 
New York, 1959, pp. 249-267. 

115-123. 

155- 159. 

1959, pp. 465-472. 

1949-1959. 

[Received August 5 ,  1966; revised DecembeT 9 ,  19661 


